We present measurements of the photocapacitance in hydrogenated amorphous silicon (a-Si:H) Schottky barrier diodes under reverse bias. A calculation relating photocapacitance to hole drift mobility measurements is also presented; the calculation incorporates the prominent dispersion effect for holes in a-Si:H usually attributed to valence bandtail trapping. The calculation accounts quantitatively for the magnitude and voltage-dependence of the photocapacitance.
INTRODUCTION
The spatial profile of the space-charge inside semiconductor diodes is an elementary, textbook calculation for crystalline silicon (c-Si) and other well-understood semiconductors. Capacitance measurements offer convincing proof of the validity of these calculations in ideal cases. For highly insulating and photoconductive semiconductors such as hydrogenated amorphous silicon (a-Si:H) an equally significant issue is the profile of photocharge inside the device; photocharge is created by illumination, and is central to applications as solar cells or light sensors. Photocapacitance is then perhaps the most direct measurement addressing the photocharge profile [1] .
Previous work by Wang and Crandall [2] using a combination of photocapacitance measurements, solar cell parameter measurements, and computer modeling has shown that photocharge buildup inside solar cells causes field collapse and degradation of the conversion efficiency for higher illumination intensities. In the present paper we seek a deeper understanding of the origin of these effects. We present photocapacitance measurements in an aSi:H Schottky barrier diode which appear quite consistent with those of Wang, et al [2] . We show that these measurements can be understood relatively simply using the dispersive driftmobilities of holes measured over the last twenty years. Dispersion is the phenomenon that drift-mobilities decline rapidly as the distance across which they are measured increases. This successful fitting clarifies the role of low hole mobilities in space-charge formation of a-Si:H solar cells under illumination, and shows that photocapacitance can be used essentially as an impoverished scientist's technique for measuring dispersive hole drift mobilities.
SAMPLES AND PHOTOCAPACITANCE MEASUREMENTS
We measured the photocapacitance in one plate of a-Si:H Pd Schottky diodes prepared at Pennsylvania State University. The structure was deposited on a glass substrate in the sequence m/n + /i/Pd, where m indicates a semitransparent metal back contact, n + indicates heavily phosphorus-doped a-Si:H layer plasma-deposited from silane/phosphine mixtures, i indicates an undoped, plasma-deposited a-Si:H layer, and Pd indicates a semitransparent top metal electrode. The latter forms a Schottky barrier with the intrinsic layer; similar structures have been used extensively for internal photoemission measurements in earlier work [3] . We have measured the built-in potential on this device using the electroabsorption method [4] ; we obtained V bi ≈ 0.4 V.
Capacitance measurements were performed using a sinusoidal wave generator and lockin amplifier detection of the amplitude and phase of the resulting currents flowing into the device. Low-intensity, linear photocapacitance measurements were done using chopped monochromator illumination and a second lockin to detect the modulation of the signal from the first, capacitance-detecting lockin. In turn these lockin signals were used as inputs for computerbased signal averaging of sweeps either of the DC, reverse bias potential or of the monochromator wavelength. By way of introduction, in Fig. 1 we illustrate the capacitance measured under short-circuit conditions as a function of illumination intensity using a helium-neon laser (633 nm wavelength). We used the photocurrent measured at -2 V bias as a proxy for illumination intensity. For small illumination intensities (and photocurrents) the capacitance has essentially its dark value; we used this value to estimate the thickness of the sample for later use in modeling. It is clear that for photocurrent densities exceeding about 1 mA/cm 2 the capacitance starts to rise discernibly;
The onset of discernible photocapacitance in Fig. 1 is an indication that the net space charge stored in the insulating, intrinsic layer of the Schottky diode has become comparable to the charge CV bi ≈ 20 nF/cm 2 . One objective of the present research is to understand the magnitude of this photocurrent threshold.
We approach this problem by measuring the linear photocapacitance for illumination intensities so low as to negligibly disturb the dark electric field profile inside the Schottky diode. We define the linear photocapacitance as:
where i p is the DC photocurrent flowing through the device and C p is the photocapacitance measured at some specified reverse bias potential. In practice, the illumination intensity from our monochromatic illuminator satisfied this low-intensity requirement. We present some of these voltage-dependent measurements as Fig. 2 using 600 nm illumination, which is nearly uniformly absorbed in within the Schottky diode. The DC photocurrent shows a modest increase with reverse bias voltage. The effect presumably corresponds to a reduction in electron-hole recombination, since the volume charges of both carriers is reduced by the reverse bias. Nonetheless this dependence does surprise us somewhat, since we expected recombination effects to be negligible for such low intensities. The linear photocapacitance shows a rapid decline -essentially to zero --as the reverse bias increases. The effect can be understood qualitatively from the decrease in photocarrier transit times under reverse bias; as transit times are diminished, so too is the stored photocharge which is monitored by the capacitance measurement.
We also conducted extensive measurements of the wavelength-dependence of the photocapacitance using illumination both through the back Pd top electrode and through the n + bottom electrode. We used this approach to move the position where photogeneration occurs throughout the intrinsic layer of the diode. The measurements, which will not be presented here, are consistent with the conclusion that holes determine the linear photocapacitance at low intensities. In essence we find that, as the photogeneration of holes occurs closer to the collecting, Pd electrode, the photocapacitance diminishes monotonically. The conclusion is consistent with the observation that, for a-Si:H, electrons are far more mobile than holes, and are consequently swept out of the structure much more rapidly than holes.
MODEL FOR PHOTOCAPACITANCE AND DISPERSIVE TRANSPORT
We first recast the theory for photocapacitance due to a single carrier obeying the normal, "non-dispersive" form for transport. This recasting involves using the definition of the carrier mobility in a slightly unconventional way, in which carrier drift x(t) in an electric field E following photogeneration at t = 0 is written: 5.0e-7
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1.5e-6 0.25 µm Pd-i-n + (Penn State) 600 nm, 50 kHz specimens; electrons are swept into the electrode layer instantaneously. The resulting photocurrent density is denoted j p . Since the holes spend some transit time t T traversing the sample, they are associated with a positive space-charge density ρ. We use an apparently inconvenient definition for the transit time: t T is the time required for the holes to drift halfway (ie. d/2) across the sample. Then we have:
For uniform illumination, this expression should be halved -reflecting the fact that the holes need travel only half as far (on average) to reach the collecting electrode. The space-charge density, which is spatially uniform for this model, is then given by:
An external photocharge density σ p flows to the electrodes to maintain a constant potential. This density is slightly different than the integrated space-charge of the holes inside the sample, since it reflects the uniform spatial distribution of the holes; one obtains:
Capacitance measurements involve measuring the current response δi 90 in quadrature to a sinusoidal voltage modulation. By definition, C ≡ δi 90 /ωδV, where ω and δV are the modulation frequency and amplitude, respectively. As might be anticipated, the photocapacitance per unit area C p (that is, the change in capacitance due to illumination) is related to derivative of this photocharge density with respect to the external voltage:
Despite the simplicity of this expression, we have found no trivial explanation for its negative sign. It emerges from a fairly tedious treatment of fields, space charges, and displacement currents which we do not reproduce here. Note, however, that the quadrature current must be considered in conjunction with a dissipative current modulation δi 0 . In any event, the photocapacitance expression can be rewritten very usefully as follows:
which for the case of non-dispersive transport yields
This expression agrees (to within the factor of 2) with that used by Wang, et al [2] . We now simply extend the application of this expression to the case of dispersive transport. For holes in a-Si:H we used the following expression for the dispersive drift x(t) of holes at room temperature and in a uniform field E:
(9) The sublinear increase of x(t) with time is the phenomenon of dispersion; it causes drift mobilities to depend upon the length-scale or the time-scale upon which they are measured. The parameters µ 0 , ν, and α are determined by measurement; we shall use the relatively recent paper of Gu, et al [5] , who also review most earlier work on holes in a-Si:H and related alloys. Eq. 
We obtain the linear photocapacitance in the form:
Again, this expression can be adapted for uniform photogeneration by halving the expression inside the square brackets.
COMPARISON OF PHOTOCAPACITANCE AND DRIFT-MOBILITY MEASUREMENT
In Fig. 3 we have plotted the linear photocapacitance ′ C V p ( ) predicted for electrons in a-Si:H as the dashed line. We used a conventional value µ 0 = 1 cm 2 /Vs for the electron mobility. The result for non-dispersive transport (eq. (8)) was halved to account for uniform illumination. Similar, we plot our prediction for ′ C V p ( ) for holes as the solid line. We used the parameters of for intrinsic a-Si:H suggested by Gu, et al [5] Page 6 of 6 dispersive transport prediction eq. (11) to account for the use of uniform illumination. Finally we plot our measurements of ′ C V p ( ) at 650 nm as the symbols in this figure; the bias voltage is corrected for the built-in potential by assuming V = V external -V bi , with V bi = 0.4 V. The agreement of the model predictions using hole mobilities with the photocapacitance measurements seems very satisfactory to us; we emphasize that we made no adjustments to the hole parameters to gain this agreement.
